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We report temperature-dependent measurements of ambient-pressure specific heat, magnetic susceptibility,
anisotropic resistivity, and thermal expansion as well as in-plane resistivity under pressure up to 20.8 kbar on
single crystals of EuAg4As2. Based on thermal expansion and in-plane electrical transport measurements at
ambient pressure this compound has two, first-order, structural transitions in the 80–120 K temperature range.
Ambient-pressure specific heat, magnetization, and thermal expansion measurements show a cascade of up to
seven transitions between 8 and 16 K associated with the ordering of the Eu2+ moments. In-plane electrical
transport is able to detect the more prominent of these transitions, at 15.5, 9.9, and 8.7 K, as well as a weak feature
at 11.8 K at ambient pressure. Pressure-dependent electrical transport data show that the magnetic transitions
shift to higher temperatures under pressure, as does the upper structural transition, whereas the lower structural
transition is suppressed and ultimately vanishes. A jump in resistivity, associated with the upper structural
transition, decreases under pressure with an extrapolated disappearance (or a change of sign) by 30–35 kbar.
In the 10–15 kbar range a kink in the pressure dependency of the upper structural transition temperature as well
as the high- and low-temperature in-plane resistivities suggests that a change in the electronic structure may
occur in this pressure range. The results are compared with the literature data for SrAg4As2.
DOI: 10.1103/PhysRevB.101.195112
I. INTRODUCTION
Since the discovery of high-temperature superconductivity
in iron-arsenides [1,2], studies of the physical properties of
large families of pnictide-based compounds have attracted
a lot of attention. The interplay between different orders,
such as the coexistence, competition, and/or correlation of
superconductivity, magnetism, and structural phase transitions
(or nematicity) in pnictides [3–6], has made these families
a playground for condensed matter physicists, chemists, and
materials scientists. Europium-based pnictides occupy a spe-
cial position in the family since they add local, Eu2+ mag-
netism to the complexity of the observed orders [5].
The new, trigonal, layered arsenide, EuAg4As2, and its
nonmagnetic counterpart, SrAg4As2, were first synthesized a
few years ago [7]. In polycrystalline samples of EuAg4As2
the divalent nature of europium and the antiferromagnetic
order at TN = 14.9 K were determined from magnetization
and 151Eu Mössbauer measurements [8]. More recently, de-
tailed structural, thermodynamic, and transport studies of
single crystals of EuAg4As2 revealed a complex physical
picture that includes a structural distortion at 120 K and
incommensurate, noncollinear long-range antiferromagnetism
developing at 9 K [9]. The magnetic transition at ∼15 K [8],
based on detailed recent 151Eu Mössbauer data [10], was
suggested to be a transition from a paramagnetic state to an
incommensurate sine-modulated long-range order. A detailed,
*budko@ameslab.gov
ambient-pressure, single-crystal x-ray diffraction study was
performed [9] between room temperature and 100 K. At
room temperature the crystal structure of EuAg4As2 was
found to correspond to the R¯3m (No. 166) space group, as
described in the literature [7]. At 100 K satellite peaks cor-
responding to two propagation vectors, q1 = ±(0, 0.25, 0.5)
and q2 = ±(0.25, 0, 1), were reported to appear, suggesting
the existence of a structural distortion at low temperatures.
Motivated by the complexity and interplay of different orders
in EuAg4As2 as well as reported curious, nonmonotonic pres-
sure dependence of the structural transition in its nonmagnetic
analog, SrAg4As2 [11], in this work we study the tunability
of magnetic and structural transitions in EuAg4As2 by hydro-
static pressure via in-plane resistivity measurements.
II. EXPERIMENTAL DETAILS
Single crystals of EuAg4As2 were grown out of a high-
temperature melt with an excess of Ag2As. Details of the
synthesis can be found elsewhere [9]. Resulting platelike
single crystals (c axis perpendicular to the plates) were of
several millimeter in-plane dimensions and over a millime-
ter thick. In order to allow ambient-pressure comparison,
a detailed set of ambient-pressure measurements was done
on the particular batch of crystals that was later used for
transport measurements under pressure. Ambient pressure,
in-plane and c-axis, ac ( f = 16 Hz) resistivity measurements
were performed in a standard, linear, four-probe configuration
using an ACT option of a Quantum Design Physical Prop-
erty Measurement System (PPMS). Electrical contacts to the
2469-9950/2020/101(19)/195112(8) 195112-1 ©2020 American Physical Society
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sample were made using Epotek H20 silver epoxy. Magneti-
zation measurements were performed in a Quantum Design
MPMS3 magnetometer. Low-temperature heat capacity mea-
surements were made using semiadiabatic thermal relaxation
technique as implemented in the heat capacity option of the
Quantum Design PPMS. Anisotropic thermal expansion mea-
surements were carried out using an OFCH copper capacitive
dilatometer [12].
In-plane resistivity measurements under pressure were per-
formed in a hybrid, Be-Cu/Ni-Cr-Al piston-cylinder pressure
cell (modified version of the one used in Ref. [13]) in the
temperature environment provided by a PPMS instrument.
A 40:60 mixture of light mineral oil and n-pentane was
used as a pressure-transmitting medium. This medium so-
lidifies at room temperature in the pressure range of 30–40
kbar [13–15], which is above the maximum pressure in this
work. Elemental Pb was used as a low-temperature pressure
gauge [16]. The measurements were performed both on an
increase and on a decrease in pressure and the results are
reversible. It has been known [17–21] that in piston-cylinder
pressure cells high-temperature pressures are different from
low-temperature pressures and the temperature dependence
of this pressure difference is nontrivial. Given that the
temperature/pressure relation for this specific cell/pressure
medium combination has not been established, here we sim-
ply use the Pb gauge pressure value. This may give rise to
pressure differences, at higher temperatures, of up to 3 kbar.
III. RESULTS
A. Ambient pressure
Low-temperature heat capacity data are shown in Fig. 1(a).
The data are complex and suggest that up to seven transitions
(shown by dashed vertical lines) occur in EuAg4As2 below
16 K as the Eu2+ moments order. The low-temperature,
low-field magnetic susceptibility, M/H , and its derivative in
the form of d (T M/H )/dT [22] have anomalies at similar
temperatures [Fig. 1(b)], although the one at ∼11.8 K is
not discernible, at least for H‖c. This identification of pos-
sible transition temperatures shows a fair agreement with the
anisotropic thermal expansion data shown in Fig. 1(c). Alto-
gether, three different thermodynamic measurements indicate
as many as seven, closely spaced low-temperature transitions.
This density of transitions is remarkable but not unprece-
dented; CeSb has seven transitions between 8 and 18 K in zero
applied magnetic field and an even larger number of additional
transitions in applied fields [23].
Anisotropic thermal expansion (Fig. 2) serves as a ther-
modynamic probe of the phase transitions (the structural
ones, in particular). Indeed, both structural phase transi-
tions are clearly seen in the thermal expansion [Li(T ) −
Li(1.8 K]/Li(1.8 K) data, where Li is the sample’s length,
either along the c axis or in the ab plane. Whereas the
lattice change is large and in the same direction for both
lattice parameters at the T1 transition, the response is smaller
and is anisotropic for the T2 transition. Below 17 K, up to
five of the seven transitions detected in specific heat and
magnetization data are also seen in the thermal expansion
coefficients [Fig. 1(c)]. The changes in the thermal expansion
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FIG. 1. Low-temperature part of (a) the heat capacity, (b) the
magnetic susceptibility, M/H , measured in a magnetic field H =
100 Oe applied parallel to the c axis, and the temperature deriva-
tive, d (T M/H )/dT [22], and (c) the anisotropic thermal expansion
coefficients, αi. Heat capacity data were taken on cooling; magneti-
zation and thermal expansion data, on warming. Vertical lines mark
transitions as seen in the low-temperature heat capacity.
coefficients through the magnetic transitions are qualitatively
similar for both orientations. There are no obvious anoma-
lies in the anisotropic thermal expansion data at and above
∼225 K, thus the anomaly detected in resistivity data in this
temperature range either is associated with a very broad and
subtle structural transition or is some artifact pertinent to
transport measurements. Additional studies are required to
address this issue.
Anisotropic ambient-pressure resistivity is shown in
Fig. 3(a). There are several points of note. The in-plane resid-
ual resistivity ratio, RRR = ρ(300 K)/ρ(2 K) ≈ 10 in this
work, is almost a factor of 2 higher than that in Ref. [9], which
suggests better crystallinity or fewer defects and impurities.
The structural phase transition T1 is sharper and ∼10 K higher
than reported [9]. Moreover, another, hysteretic, possibly
structural transition T2 can be detected in the 85–100 K range.
These two transitions are also seen, although somewhat less
clearly, in the c-axis resistivity data. There might also be
another, very broad and hysteretic, transition above ∼225 K
[Fig. 3(a)].
At room temperature the anisotropy of resistivity, ρc/ρab, is
about 20 [Fig. 3(b)]. This value changes significantly through
the structural and magnetic transitions, thus reflecting the
anisotropic contribution of related changes in scattering and
195112-2
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FIG. 2. Anisotropic, normalized to 1.8 K, thermal expansion of
EuAg4As2 measured on warming. Inset: Enlarged region of two
structural transitions in anisotropic thermal expansion.
FIG. 3. (a) Anisotropic ambient pressure resistivity of EuAg4As2
measured on cooling and on warming. Insets: Hystereses of the
structural phase transitions as seen in the in-plane resistivity. (b) Re-
sistivity anisotropy of EuAg4As2 from the data taken on cooling
(black line) and on warming (red line).
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FIG. 4. Low-temperature part of the (a) in-plane and (b) out-of-
plane resistivity and their temperature derivatives. Vertical lines mark
transitions as seen in the low-temperature heat capacity in Fig. 1(a).
electronic structure to the electronic transport properties. The
value of ρc/ρab reaches 100 at the base temperature. This
may be primarily associated with the large residual resistivity,
ρ0, term (smaller RRR value) found for the ρc data. As
expected, the behavior of ρc/ρab is very similar, on the log-log
scale, for the data taken on cooling and on warming, with
slight differences seen for the T2 transition and above ∼225 K.
An ∼1 K difference is present in the data for the T1 transition,
even though it is not clearly seen in the large scale log-log
plot in Fig. 3(b). Both in-plane and c-axis resistivities have a
pronounced upturn above magnetic ordering. This upturn is
probably due to scattering on magnetic fluctuations.
The low-temperature part of the in-plane resistivities, ρab
and ρc, together with their respective temperature derivatives,
dρab/dT and dρc/dT , are shown in Figs. 4(a) and 4(b).
There are three clear features in the dρab/dT , suggesting
three transitions, at 15.5, 9.9, and 8.7 K [24], as well as
another, possibly spin reorientation transition, at about 11.7 K.
The corresponding feature in ρab(T ) and its derivative is
rather subtle. The out-of-plane resistivity data give the same
transition temperatures if, for two lower transitions, a different
criterion, the middle point of the increase in dρc/dT [25], is
utilized.
Comparison of low-temperature thermodynamic (Fig. 1)
and transport (Fig. 4) data leads to several conclusions. The
feature in dρc/dT at ∼7.5 K does not have its counterpart in
any of the thermodynamic measurements presented in Fig. 1
so it does not seem to be related to a thermodynamic phase
transition. Although the low-temperature transitions seen in
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FIG. 5. (a) Temperature-dependent resistivity of EuAg4As2 mea-
sured at different pressures (a subset of the data is shown). Inset:
Enlarged region of magnetic transitions. (b) Enlarged region of
structural transitions. Arrows show the direction of the pressure
increase. The low-temperature values of pressure are 0.02, 4.0, 9.4,
10.5, 13.6, 15.1, 18.2, and 20.8 kbar. Data taken on warming are
shown.
dρab/dT are only a subset of the transitions occurring in
EuAg4As2, they do correlate with the primary features and
span of the transitions detected and can serve as a caliper of
how the magnetism in EuAg4As2 responds to pressure.
Based on the above, measurements of the in-plane resistiv-
ity allow for the tracking of two high-temperature structural
transitions as well as of a subset of the low-temperature
magnetic transitions. In the following we present the ρab(T )
measurements under pressure in order to provide an initial
mapping of the P-T phase diagram for EuAg4As2.
B. Resistivity under pressure
The evolution of the in-plane resistivity under pressure
up to 20.8 kbar is shown in Fig. 5. With applied pres-
sure, the upper structural transition moves up, as do the
lower-temperature, magnetic transitions. The lower structural
transition appears to move down under pressure [Fig. 5(b)]
and soon becomes undetectable. As the pressure increases,
the upturn above the magnetic transitions becomes more
pronounced, and away from the phase transition temperatures,
the resistivity generally increases too.
The low-temperature resistivities for two representative
pressures, 0.02 and 18.2 kbar, are shown in Figs. 6(a) and 6(b),
respectively. (Note that the 0.02 kbar data are very close to the
ambient-pressure data taken outside the pressure cell, which
suggests that for the measurement protocol used the thermal
mass of the pressure cell has no significant effect on the size
of hysteresis.) At higher pressures the magnetic transitions are
sharper and the hysteresis is larger. It should be noted that
the upper magnetic transition (TM3) that appears as a single
anomaly at low pressures [Fig. 6(c)] appears as two anomalies
at higher pressures [Fig. 6(d)], indicating that either it splits
under pressure or one of the neighboring, ambient-pressure
transitions becomes resolvable as the pressure is increased
(Fig. 7). It is curious that apparently the anomaly at TM2 is
reduced under pressure, whereas the one at TM1 is enhanced.
Such a change in magnetic scattering causing changes in the
relative intensity of resistive anomalies could be related to
changes in the magnetic structure under pressure.
Figure 7 presents the pressure dependence of the three
magnetic transitions as resolved by in-plane resistivity mea-
surements. The two lower transition temperatures, TM1 and
TM2, increase under pressure; the higher one, TM3, splits into
two (TM3 and TM3A) at and above ∼7.3 kbar. Whereas TM3
and TM3A increase linearly under pressure with the pressure
derivatives dTM3/dP = 0.25 K/kbar and dTM3A/dP = 0.28
K/kbar, for the lower transitions, TM1 and TM2, the behavior
under pressure is better fit with the second-order polynomial
with initial (P → 0) values of the derivatives dTM1/dP =
0.41 K/kbar and dTM2/dP = 0.34 K/kbar. In a simple model
that considers RKKY interactions [26] the pressure depen-
dence of the magnetic ordering temperature depends on the
pressure dependencies of two parameters: the density of states
and the effective RKKY exchange parameter. The behavior
observed in a specific material is the result of competition of
these two contributions.
The resistivity minimum that precedes these magnetic tran-
sitions (Fig. 8) shifts to higher temperatures under pressure
at the rate of 0.42 K/kbar, which is faster than the upper
magnetic transition. The size of the resistivity upturn also
increases under pressure (Fig. 8). At least in part this is simply
due to the increase in the temperature range over which the
upturn is observed.
Now we turn to structural phase transitions under pressure.
As shown in Figs. 5 and 9, the higher structural transition, T1,
is observed in all pressure ranges in this work. The transition
temperature increases under pressure. The behavior clearly
changes between two pressure ranges: below ∼14 kbar the
T1(P) is linear, with dT1/dP ≈ 0.9 K/kbar, whereas above
∼14 kbar the pressure derivative changes by a factor of 2,
to dT1/dP ≈ 1.9 K/kbar. The thermal hysteresis, ∼3.3 K is
basically pressure independent. The lower structural transi-
tion, T2, initially decreases under pressure at a rate of between
−3 and −4 K/kbar. Its signature in ρab(T ), even at ambient
pressure, is rather subtle and we are no longer able to detect it
195112-4
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FIG. 6. (a, b) Low-temperature resistivity measured on cooling and warming; (c, d) low-temperature derivatives dρab/dT (for measure-
ments on cooling) at two representative pressures, 0.02 and 18.2 kbar. Arrows mark transitions. Note that the upper transition splits in two
under pressure.
at and above ∼7.3 kbar, possibly because of the rather strong,
nonmonotonic background.
It is noteworthy that a weak, but discernible, anomaly in the
10–15 kbar range is also observed in pressure dependencies of
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FIG. 7. Pressure dependence of the magnetic ordering tempera-
tures in EuAg4As2 determined from ρab(T ) measurements (circles
and triangles). Stars: ambient pressure transitions from heat capacity
data.
the high- and low-temperature resistivity data, both above and
below all noted transition temperatures (Fig. 10).
It has to be mentioned that, as shown in Refs. [14] and
[15], the solidification temperatures of the pressure media
are pressure dependent. For the particular medium used in
this work the solidification temperature at ambient pressure is
120 K and at 30–35 kbar it solidifies at room temperature. The
observed anomalies in several quantities do not correspond to
crossing of the medium solidification line, so these anomalies
are not artifacts of the change in the experimental conditions.
The cause of the anomalies observed in the 10–
15 kbar pressure range for several experimental quantities
in EuAg4Sb2 deserves further studies. One of the possible
scenarios might be a significant change in the electronic
structure under pressure, e.g., via an electronic topological
transition (Lifshitz transition) [27] that is not accompanied
or caused by a structural transition but still would affect
electronic properties.
Finally, we can analyze the change in the jump in resis-
tivity at the upper structural transition as a function of the
pressure (Fig. 11). Its value decreases under pressure with
linear extrapolation to ρs1 = 0 at ∼32.5 kbar, which would
correspond to the (extrapolated) value of T1 ∼ 165–170 K.
There are several possible scenarios of what might happen
above ∼32.5 kbar. Probably, the structural transition will
continue to exist with the transition temperature increasing
further under pressure, however, either without the discernible
feature in ρab or with inversion of this feature (decrease in ρab
at T1 on warming).
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IV. DISCUSSION AND SUMMARY
Our resistivity measurements under pressure as well
as ambient-pressure thermodynamic and transport measure-
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FIG. 11. Pressure dependence of the size of the resistivity upturn,
ρs1, at the higher structural transition, T1. Inset: Definition of ρs1.
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ments further underscore the complexity of EuAg4As2 as a
host for a multitude of structural and magnetic phases. In ad-
dition to documenting the evolution of different phases under
pressure this work provides a roadmap for further studies, if
undertaken.
The signs of the initial pressure derivatives of the struc-
tural and magnetic phase transitions are consistent with
those inferred from the combination of the specific heat data
and the thermal expansion data in this work via Clausius-
Clapeyron (first-order phase transitions) or Ehrenfest (second-
order phase transitions) relations [28]. It is curious, though,
that given the anisotropic, trigonal structure of EuAg4As2, its
in-plane and c-axis thermal expansion evolution is similar for
the higher structural (T1) and all three magnetic transitions,
and only at the lower structural transition T2 are different signs
of thermal expansion observed (Fig. 2).
The resistivity of EuAg4As2 over wide temperature ranges
increases under pressure, suggesting either a pressure-induced
decrease in the density of states at the Fermi level or a
decrease in mobility (increase in effective mass). Note that
for the related compound, SrAg4As2, the opposite trend, a
decrease in the in-plane resistivity under pressure, was re-
ported [11].
The magnetic transitions shift to higher temperatures under
pressure. The values of the pressure derivatives are rather
conventional.
A better understanding of the nature of the lower structural
transition, T2, and its evolution under pressure above ∼4
kbar would require careful scattering studies. It is of interest,
assuming that this transition can be suppressed down to T =
0 K, whether it has, even subtle, effects on the magnetic
transitions.
The upper structural transition temperature, T1, increases
under pressure with a kink in T1(P) at ∼14 kbar, whereas the
jump in ρab associated with it gets smaller. Linear extrapola-
tion suggests that the jump will disappear at 30–35 kbar. This
behavior is very different from that of the structural transition
in SrAg4As2 [11], which has a minimum at ∼7.5 kbar both in
Ts(P) and in ρxx(P). Further studies are required to under-
stand what will happen with the upper structural transition and
its signature in the in-plane resistivity and, broadly speaking,
to the electronic structure, above ∼32.5 kbar.
The anomaly in the higher-temperature, structural phase
transition, T1(P), behavior in the 10–15 kbar range is also
present in the ρ(P) data both above and below all noted
transition temperatures. Are these anomalies associated with
changes in the electronic structure? and What is the origin of
these changes? These questions will require further studies.
Additionally, some understanding of the nature of the differ-
ences in the pressure responses of EuAg4As2 and SrAg4As2
would be desirable.
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